
A Functional Link between Rhythmic Changes in Chromatin
Structure and the Arabidopsis Biological Clock W

Mariano Perales and Paloma Más1

Consorcio Consejo Superior de Investigaciones Cientı́ficas–Institut de Recerca i Tecnologı́a Agroalimentarias, Laboratory of Plant

Molecular Genetics, Institute of Molecular Biology, 08034 Barcelona, Spain

Circadian clocks rhythmically coordinate biological processes in resonance with the environmental cycle. The clock function

relies on negative feedback loops that generate 24-h rhythms in multiple outputs. In Arabidopsis thaliana, the clock component

TIMING OF CAB EXPRESSION1 (TOC1) integrates the environmental information to coordinate circadian responses. Here, we

use chromatin immunoprecipitation as well as physiological and luminescence assays to demonstrate that proper photope-

riodic phase of TOC1 expression is important for clock synchronization of plant development with the environment. Our

studies show that TOC1 circadian induction is accompanied by clock-controlled cycles of histone acetylation that favor

transcriptionally permissive chromatin structures at the TOC1 locus. At dawn, TOC1 repression relies on the in vivo circadian

binding of the clock component CIRCADIAN CLOCK ASSOCIATED1 (CCA1), while histone deacetylase activities facilitate the

switch to repressive chromatin structures and contribute to the declining phase of TOC1 waveform around dusk. The use of

cca1 late elongated hypocotyl double mutant and CCA1-overexpressing plants suggests a highly repressing function of CCA1,

antagonizing H3 acetylation to regulate TOC1 mRNA abundance. The chromatin remodeling activities relevant at the TOC1

locus are distinctively modulated by photoperiod, suggesting a mechanism by which the clock sets the phase of physiological

and developmental outputs.

INTRODUCTION

Many organisms show a cyclic pattern of activity with a period

of 24 h (Young and Kay, 2001). These biological rhythms are

controlled by an endogenous oscillator or biological clock that

temporally coordinates physiology and development in antici-

pation of the environmental day/night cycles. Such anticipation

confers a selective advantage, allowing organisms to increase

their fitness and maximize their possibilities of reproductive

success and survival (Ouyang et al., 1998; Green et al., 2002;

Michael et al., 2003; Dodd et al., 2005). Despite differences in

complexity among species, the presence of at least one self-

sustained central oscillator has emerged as a common theme

in a number of diverse circadian systems (Harmer et al., 2001;

Brunner and Schafmeier, 2006). With the exception of the cya-

nobacteria oscillator that may run independently of transcription

(Nakajima et al., 2005; Tomita et al., 2005), the mechanism of

clock function is highly conserved in eukaryotes and involves

transcriptional autoregulatory loops of positive and negative

oscillator components. The negative components feed back to

repress their own expression by inhibiting the positively acting

oscillator elements (Harmer et al., 2001; Bell-Pedersen et al.,

2005). The identification of new components and additional

mechanisms of clock regulation have revealed a higher com-

plexity involving various transcriptional/translational interlocked

feedback loops that govern the plasticity of the oscillatory

activities (Rand et al., 2004; Locke et al., 2006; Zeilinger et al.,

2006).

In plants, the first clock components proposed to function at

the core of the Arabidopsis thaliana oscillator included the single

MYB transcriptional factors CIRCADIAN CLOCK ASSOCIATED1

(CCA1) (Wang and Tobin, 1998) and LATE ELONGATED HYPO-

COTYL (LHY) (Schaffer et al., 1998). Constitutive overexpression

of either gene was found to cause a general arrhythmia, while the

loss-of-function mutations retained rhythmicity albeit with a

shortened period (Schaffer et al., 1998; Wang and Tobin, 1998;

Green and Tobin, 1999). By analyzing mutant phenotypes (Millar

et al., 1995), the pseudoresponse regulator TIMING OF CAB

EXPRESSION1 (TOC1) (Strayer et al., 2000) was also proposed

as a central part of the Arabidopsis oscillator. TOC1 mutant

plants exhibited a shortened period phenotype in a number of

rhythms (Somers et al., 1998; Strayer et al., 2000), while its

overexpression was found to cause arrhythmia (Makino et al.,

2002; Más et al., 2003b). Additionally, TOC1 was inferred to have

an important function as a molecular link between the environ-

mental signals and the rhythms of circadian and photomorpho-

genic outputs (Más et al., 2003b). The reciprocal regulation

between the three components, CCA1, LHY, and TOC1, was

anticipated as one of the loops controlling rhythmicity in Arabi-

dopsis (Alabadı́ et al., 2001). The partly redundant transcription

factors CCA1 and LHY (Alabadı́ et al., 2002; Mizoguchi et al.,

2002) were proposed to repress TOC1 expression (Alabadı́ et al.,

2001) through direct binding to the Evening Element (EE) motif

present at the TOC1 promoter (Harmer et al., 2000). Increased

TOC1 expression was in turn predicted to directly or indirectly
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activate the transcription of CCA1 and LHY (Alabadı́ et al., 2001).

Additional clock core components also participate in CCA1/LHY

activation. Some of these clock components include GIGANTEA

(Fowler et al., 1999; Park et al., 1999), EARLY-FLOWERING4

(Doyle et al., 2002), PHYTOCLOCK1 (Onai and Ishiura, 2005), or

LUX ARRHYTHMO (Hazen et al., 2005).

An essential property of clock function is its capacity to

maintain rhythms in phase with the environment (Devlin and

Kay, 2001). This property highly relies on the clock synchroniza-

tion by the daily changes in light and temperature that adjust the

phase of the rhythms relative to the external day/night cycles.

In animals and fungi, the phase adjustments occur through

light-dependent changes in the expression and activity of oscil-

lator components that ultimately define the phase of the clock

(Crosthwaite et al., 1995; Shigeyoshi et al., 1997; Suri et al., 1998;

Akashi and Nishida, 2000; Elvin et al., 2005). In temperate

regions, daily rhythms in light and temperature markedly change

through the seasons, with variations in daylength or photoperiod

providing a predictable indication of the time of year. Daylength

perception is particularly important for plants to regulate a

number of developmental transitions, including the initiation of

flowering (Davis, 2002; Searle and Coupland, 2004). The tem-

poral information provided by the biological clock together with

light signals enable plants to regulate the initiation of flowering

when light coincides with a sensitive phase of the oscillatory

cycle (Carré, 2001; Yanovsky and Kay, 2003). In Arabidopsis, the

photoinducible phase is determined by the diurnal transcript

oscillation (Suárez-López et al., 2001) and protein stability

(Valverde et al., 2004) of the flowering time component CON-

STANS (CO) that is able to activate its target, FLOWERING

LOCUS T (FT) (Suárez-López et al., 2001). Thus, the coincidence

of CO photoperiodic rhythm relative to the light cycle was

proposed as the basis for the earlier flowering of Arabidopsis

plants under inductive long days (Roden et al., 2002; Yanovsky

and Kay, 2002).

Despite the importance of circadian clock function on plant

growth and development (Más, 2005; McClung, 2006), the

mechanisms responsible for regulation of oscillator expression

remain poorly understood. Responses to different environmental

signals, including changes in light (Chua et al., 2003; Bertrand

et al., 2005; Benhamed et al., 2006) and temperature (Bastow

et al., 2004; Sung and Amasino, 2004), have been correlated with

the reversible modulation of chromatin folding (Huebert and

Bernstein, 2005) that facilitates the transcriptional regulation of

inducible genes. The chromatin changes highly rely on post-

translational modifications of histone tails (e.g., methylation, acet-

ylation, phosphorylation, and ubiquitination) (Mellor, 2006). In this

sense, histone hyperacetylation has been associated with re-

laxed chromatin fibers that facilitate transcriptional activation

(Grunstein, 1997; Eberharter and Becker, 2002), whereas a

compacted chromatin and gene repression have been corre-

lated with hypoacetylated histones (Kuo and Allis, 1998). Here,

we demonstrate that the circadian clock regulates the rhyth-

mic changes in histone acetylation-deacetylation at the TOC1

promoter. We also show that the circadian binding of CCA1

facilitates the reversible switch between a transcriptionally per-

missive chromatin state and a repressive chromatin compaction

at the TOC1 locus. Our studies provide evidence that these

clock-controlled changes in chromatin structure modulate the

expression of the TOC1 gene under different photoperiods. We

propose that the photoperiodic phase of TOC1 expression is

important for appropriate perception of daylength and regulation

of the photoperiod-dependent developmental responses in

Arabidopsis.

RESULTS

TOC1 Circadian Expression Correlates with

Clock-Controlled Rhythms of Histone Acetylation

and Binding of Chromatin Remodeling Factors

TOC1 exhibits high-amplitude rhythmic mRNA (Strayer et al.,

2000) and protein (Más et al., 2003a) oscillations that are central

in the control of circadian period by the clock (Más et al., 2003a).

Since chromatin remodeling is an important mechanism in the

epigenetic regulation of gene expression (Mellor, 2006), we

examined whether changes in chromatin structure correlated

with the rhythmic oscillation of the TOC1 transcript. To this end,

wild-type seedlings were entrained in 12-h-light/12-h-dark cy-

cles (LD) followed by constant light conditions (LL). Chromatin

immunoprecipitation (ChIP) assays were performed with an

antiacetylated Histone 3 antibody (aAcH3) and subsequent

PCR analysis of the TOC1 promoter. The amplified promoter

region contains the EE motif (Figure 1A) essential for circadian

expression of the TOC1 gene (Alabadı́ et al., 2001). Our results

showed amplified PCR bands throughout the circadian cycle

(Figure 1B, PCR1) revealing the in vivo pattern of H3 acetylation

at the TOC1 promoter. No amplification was observed with

primers flanking a region in the last exon of the TOC1 gene

(Figures 1A and 1B, PCR2) or when samples were incubated

without antibody during the immunoprecipitation procedure

(data not shown). The pattern of acetylated H3 followed a robust

circadian oscillation that closely resembled the rhythmic expres-

sion of the TOC1 transcript (Figure 1C), while no evident oscil-

lation was observed when ChIP assays were performed with an

antibody to unmodified H3 (see Supplemental Figure 1 online).

Compared with TOC1 mRNA accumulation, the phase of acet-

ylated H3 was slightly advanced, suggesting that histone acet-

ylation precedes the transcription activity. Together, our results

indicate that the circadian transcription of the TOC1 gene is

preceded by rhythms of H3 acetylation that are controlled by the

biological clock. The oscillations in H3 acetylation might rhyth-

mically change the chromatin structure at the TOC1 promoter

conferring differential accessibility to the transcriptional machin-

ery and regulators controlling the expression of the TOC1 gene.

To further investigate the connection between clock-controlled

changes inchromatin structure and the regulation ofTOC1expres-

sion, we analyzed by ChIP assays the in vivo binding of structure-

specific recognition protein1 (SSRP1), one of the components

of the FACT (for Facilitates Chromatin Transcription) complex

(Duroux et al., 2004). The complex assists transcription by mod-

ulating chromatin structure (Grasser, 2005). Consistent with this

function, FACT localizes to inducible genes, and its presence

was correlated with actively transcribed genes (Duroux et al.,

2004). In our experiments, chromatin was immunoprecipitated

2112 The Plant Cell



with the anti-SSRP1 antibody (provided by K.D. Grasser, Aalborg

University, Aalborg, Denmark) (Duroux et al., 2004) followed by

PCR amplification of the EE-containing region of the TOC1

promoter. The results showed efficiently amplified bands (Figure

1D) consistent with the binding of SSRP1 to the TOC1 locus. The

abundance of the amplified bands rhythmically oscillated with a

similar circadian phase to that observed for TOC1 mRNA ex-

pression (Figures 1D to 1F). ChIP studies with an antibody to the

other subunit of the FACT complex (suppressor of Ty 16 [Spt16])

also revealed a rhythmic binding of Spt16 to the TOC1 promoter

(see Supplemental Figure 1 online). These results indicate that

the circadian transcription of the TOC1 gene correlates with

circadian rhythms in the binding of chromatin remodeling factors

that function as transcriptional coactivators.

The Biological Clock Regulates the Rhythmic Binding of

CCA1 to the TOC1 Promoter

In vitro studies have shown that CCA1 interacts with the EE motif

present at the TOC1 promoter (Alabadı́ et al., 2001). However,

the functional relevance of this binding has raised a number of

questions due to the lack of in vivo experimental confirmation

(Locke et al., 2005). To examine whether CCA1 indeed binds

to this region in vivo, we performed ChIP experiments using an

anti-CCA1 antibody (kindly provided by E.M. Tobin, University

of California, Los Angeles) (Wang and Tobin, 1998) and PCR

analysis of the EE-containing region of the TOC1 promoter. Our

results showed a rhythmic oscillation in the amplified bands

throughout the circadian cycle (see Supplemental Figure 2

online), indicating that the biological clock controls the binding

of CCA1 to the TOC1 promoter. No amplification was observed

with primers flanking a region in the last exon of the TOC1 gene

(data not shown). The CCA1 binding peak occurred between

CT23 and CT3, whereas the promoter was minimally occupied

during the subjective night, at times when TOC1 expression is

maximal. Our results showed that the phase of CCA1 binding

strongly correlated with the rhythmic pattern of CCA1 protein

abundance (Wang and Tobin, 1998). Together, these results

indicate that CCA1 binds in vivo to the TOC1 promoter, and this

binding is controlled by the biological clock. Comparisons of

Figure 1. Circadian Rhythms of H3 Acetylation and SSRP1 Binding to the TOC1 Promoter.

(A) Structure of the TOC1 gene. Gray boxes delimitate exons. Arrowheads indicate the regions for PCR amplification in the ChIP assays.

(B) Representative PCR bands from ChIP assays in wild-type seedlings entrained under LD cycles and subsequently released to LL conditions.

Chromatin was immunoprecipitated as specified in Methods using antiacetylated histone H3 (aAcH3) antibody. Input DNA was used as a control.

(C) Relative changes in acetylated H3 and TOC1 mRNA abundance plotted relative to the highest value. Data are represented as mean 6 SE of three

independent experiments.

(D) Representative PCR bands from wild-type seedlings entrained under LD cycles and shifted to LL conditions. Samples were processed by ChIP

assays with anti-SSRP1 antibody (Duroux et al., 2004). Input DNA was used as a control.

(E) TOC1 mRNA expression in wild-type seedlings analyzed by RNA gel blots. Actin mRNA was used as a control.

(F) Relative changes in SSRP1 binding and TOC1 mRNA abundance plotted relative to the highest value. Data are representative of at least two

independent experiments. Open and dotted boxes indicate the subjective day and subjective night, respectively.
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CCA1 binding with the pattern of H3 acetylation revealed

antiphasic oscillatory waveforms (see Supplemental Figure 2 on-

line), suggesting an antagonistic relationship of these two events

at the TOC1 promoter.

CCA1 Binding Represses Both H3 Acetylation and TOC1

mRNA Expression

Our studies have shown that the pattern of H3 acetylation is out

of phase compared with CCA1 binding to the TOC1 promoter. In

an attempt to examine the relationship between both mecha-

nisms of regulation, we performed ChIP assays with CCA1-

overexpressing plants (CCA1-ox) (Wang and Tobin, 1998) to

analyze the effects of constitutive CCA1 expression on both CCA1

binding and H3 acetylation. In ChIP assays using the CCA1

antibody, we observed PCR amplification of the TOC1 promoter

at all circadian times examined (Figure 2A) in contrast with the

restricted CCA1 circadian binding in wild-type plants. These

results indicate that the protein remains bound to the TOC1

promoter throughout the circadian cycle and suggest that CCA1

constant promoter occupancy might be responsible for the clock

phenotypes observed in CCA1-ox plants. Conceivably, this

could also reflect a similar DNA binding affinity of CCA1 to the

TOC1 promoter irrespective of the circadian time. When the ChIP

assays were performed using the anti-AcH3 antibody, we ob-

served constant and close to background amplified PCR bands

(Figure 2B), suggesting that overexpression of CCA1 decreases

H3 acetylation and abolishes its rhythmicity at the TOC1 pro-

moter. Comparisons of CCA1 binding with H3 acetylation and

TOC1 mRNA expression in CCA1-ox plants (Figures 2A to 2C)

indicate an antagonistic relationship, consistent with the notion

that constant CCA1 binding represses H3 acetylation and TOC1

mRNA accumulation. To further confirm the opposed relation-

ship of CCA1 and H3 acetylation, we performed ChIP experi-

ments with the previously described cca1 lhy double mutant

plants (Alabadı́ et al., 2002; Mizoguchi et al., 2002). Our studies

showed that H3 acetylation at the TOC1 promoter was signifi-

cantly increased in cca1 lhy mutants compared with wild-type

plants (see Supplemental Figure 3 online). The increment was

particularly evident before and after subjective dawn, the pro-

posed times for CCA1/LHY action. Collectively, our results

suggest that transcription of the TOC1 gene is regulated by

clock-controlled changes in H3 acetylation and SSRP1/Spt16

binding that allow activation of TOC1 transcription (Figure 1; see

Supplemental Figure 1 online), while rhythmic binding of CCA1

would function in TOC1 transcriptional repression (Figure 2; see

Supplemental Figures 2 and 3 online). Mechanistically, our re-

sults suggest a very strong repressing function of CCA1 that

impedes H3 acetylation at the TOC1 promoter and results in

decreased TOC1 mRNA abundance.

Histone Deacetylase Activities Initiate the Declining Phase

of TOC1 Rhythmic Expression and Contribute to TOC1

Photoperiodic Regulation

If changes in chromatin structure are important for TOC1 regu-

lation, histone deacetylase (HDAC) activities also might be

functionally relevant at the TOC1 promoter. If that is the case,

blocking histone deacetylation should affect TOC1 rhythmic ex-

pression. To explore this possibility, we analyzed luminescence

from plants expressing the TOC1 promoter fused to LUCIFER-

ASE (LUC) as a reporter gene. Luminescence from TOC1:LUC-

expressing seedlings was examined under entraining cycles in

the absence or in the presence of trichostatin A (TSA), a potent

HDAC inhibitor (Chang and Pikaard, 2005). Our results showed

that in TSA-treated seedlings, TOC1:LUC expression diurnally

oscillated albeit with higher amplitude than the one observed in

untreated seedlings (Figure 3). When TSA was applied at Zeitgeber

time 7 (ZT7, Figure 3A), a phase shift and a rapid upregulation

of TOC1:LUC expression was observed after 3 to 4 h with the

Figure 2. In Vivo CCA1 Binding, H3 Acetylation, and TOC1 mRNA Accumulation in CCA1-ox Plants.

(A) and (B) Representative PCR bands from ChIP assays with CCA1-ox plants using anti-CCA1 antibody (A) or anti-AcH3 antibody (B). Plants were

entrained under 12-h-light/12-h-dark cycles and subsequently released to LL conditions. Input DNA was used as control.

(C) TOC1 mRNA expression in CCA1-ox plants analyzed by RNA gel blots. rRNA was used as a control. In each case, relative changes were plotted

relative to the highest value. Data are representative of at least two independent experiments. Open and dotted boxes indicate the subjective day and

subjective night, respectively.
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inhibitor (i.e., around ZT10 to ZT11). The specific point of TSA

action was not due to the time required for the inhibitor to have an

effect, as adding TSA at ZT0 (Figure 3B) led to a similar increment

in TOC1:LUC luminescence signals also around ZT10. ChIP ex-

periments with TSA-treated plants confirmed that the observed

changes in TOC1 expression correlated with an increased pat-

tern of H3 acetylation at the TOC1 promoter (see Supplemental

Figure 4 online). Together, these results suggest that HDACs

initiate their deacetylation activity mainly at the time when TOC1

expression starts to decline. When seedlings were shifted to LL,

a circadian phase delay was observed in TSA-treated seedlings

(Figure 3C). However, the amplitude was quite similar to that

observed in untreated plants. The comparable amplitudes were

due to an evident increment in TOC1:LUC expression after

switching the plants to LL conditions. The higher amplitude under

LL suggests that the presence of light at subjective dusk modifies

the expression of the TOC1 gene. If this is the case, different

photoperiods might distinctively affect TOC1 waveform. Indeed,

our results showed that longer photoperiods led to higher am-

plitude (Figure 4A) and delayed phase (Figure 5A) of TOC1:LUC

oscillation, indicating a robust photoperiod-dependent regula-

tion. A direct switch from long-day (LgD) to short-day (ShD) con-

ditions resulted in a very rapid decrease in amplitude and advanced

phase (Figure 4C), indicating that developmental differences

were not responsible for the TOC1 distinctive expression under

the various photoperiods. The shape of TOC1:LUC oscillation

under LgD was very similar to the one observed in ShD after TSA

treatment (Figures 3A and 4A), suggesting that the photic input at

the light-to-dark transition modulates HDAC activities relevant

for photoperiodic regulation of TOC1 expression. In support of

this hypothesis, our ChIP assays revealed that changing day-

length had an important effect on the pattern of H3 acetylation at

the TOC1 promoter (Figure 4B). This pattern correlated with the

different waveforms of TOC1 under each photoperiod (cf. Fig-

ures 4A and 4B) and was antiphasic to that observed for CCA1

binding (see Supplemental Figure 5 online). Together, these re-

sults indicate that photoperiodic conditions modulate the chro-

matin structure at the TOC1 locus that in turn controls the

transcriptional state of the gene. The complex interplay among

histone modifications and CCA1 binding ensures low abundance

of TOC1 at dawn and peaks around dusk, which generates a

24-h waveform of TOC1 expression.

Accurate Regulation of TOC1 Expression Is Important for

Setting the Photoperiodic Phase of Clock-Controlled

CAB2 Gene Expression

Clock synchronization with the environment occurs through

adjustments in the expression of clock components that ulti-

mately define the phase of the oscillator (Crosthwaite et al., 1995;

Shigeyoshi et al., 1997; Suri et al., 1998; Xu et al., 2000). If the

chromatin-dependent phase of TOC1 waveform under different

photoperiods is functionally relevant for daylength discrimina-

tion, alterations in the regulation of TOC1 expression should

correlate with changes in the photoperiodic phase of clock-

controlled outputs. To explore this hypothesis, we examined the

effects of TSA on the expression of CAB2:LUC, a circadian-

regulated output that is modulated by photoperiod (Millar and

Figure 3. Effects of TSA Treatment on TOC1 Expression.

(A) and (B) Luminescence of transgenic plants carrying the TOC1:LUC

transgene examined in the absence or presence of TSA, added at ZT7

(A) or ZT0 (B).

(C) Luminescence signals after switching to LL conditions. Experiments

were performed as described in Methods. Dotted line indicates the

initiation of free-running conditions in LL.

Data are the means 6 SE of the luminescence of 6 to 12 individual

seedlings. Arrows indicate the Zeitgeber time of TSA treatment. Data are

representative of three independent experiments. Open and closed

boxes indicate the light and dark periods, respectively.
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Kay, 1996). Since CAB2 expression might be also regulated by

H3 acetylation (Bertrand et al., 2005; Benhamed et al., 2006), we

investigated the role of TOC1 in setting the phase of CAB2

expression using the TOC1 MiniGen (TMG) plants, expressing

additional copies of the TOC1 gene (Más et al., 2003b). The basis

for this experiment relies on our observations showing that the

pattern of TOC1 expression in TSA-treated wild-type plants is

highly similar to that previously observed in TMG plants (Más

et al., 2003b). Our studies revealed that the alteration of TOC1

expression in TMG plants led to higher amplitude and delayed

phase of CAB2:LUC luminescence under both ShD and LgD

conditions (Figures 5A and 5B). In TMG plants, CAB2:LUC os-

cillation under ShD conditions was delayed such that its phase

coincided with that of wild-type plants under LgD conditions

(Figure 5C). Furthermore, the treatment of wild-type plants with

TSA led to a similar CAB2:LUC waveform than the one observed

in TMG plants (Figure 5D). The TSA-induced changes on CAB2:

LUC expression were clearly reduced in the toc1-2 mutant

background and increased in TMG plants (see Supplemental

Figure 6 online), suggesting that in addition to the contribution of

other possible regulators, the TSA effects are mediated, at least

in part, by TOC1. Our results suggest that HDAC activities reg-

ulating the phase and amplitude of TOC1 expression at the light-

to-dark transitions are important for appropriate photoperiodic

regulation of CAB2:LUC expression.

Accurate Regulation of TOC1 Expression Is Important

for Setting the Phase of Clock-Controlled

Developmental Outputs

Previous studies have shown that the circadian clock regulates

the rhythm of cell expansion controlling hypocotyl elongation

(Dowson-Day and Millar, 1999). If changes in the phase of TOC1

are important for setting the phase of the clock, alteration of

TOC1 expression by TSA should affect physiological and devel-

opmental outputs. To explore this hypothesis, the hypocotyl

length of wild-type and TMG seedlings grown in the presence

or absence of TSA was measured under ShD conditions. Our

results revealed that TSA-treated seedlings displayed signifi-

cantly shorter hypocotyls than those observed in untreated

samples (Figure 6A). The use of the inhibitor in wild-type seed-

lings led to hypocotyl lengths very similar to the ones observed in

untreated TMG plants (Figure 6A), suggesting that in addition to

other possible regulators, misexpression of TOC1 contributes, at

least in part, to the observed phenotype. Similar to what we had

observed for CAB2:LUC expression, the TSA effects on hypo-

cotyl elongation were much more reduced in toc1-2 mutant

plants (see Supplemental Figure 7 online), suggesting a role for

TOC1 in the TSA-induced changes of hypocotyl elongation.

Daylength perception in plants is used as an indication of

seasonal changes that regulate the developmental transition to

Figure 4. Photoperiodic Regulation of TOC1 Expression.

(A) and (B) Luminescence of TOC1:LUC seedlings (A) and in vivo H3 acetylation at the TOC1 promoter (B) after ChIP assays in plants entrained under of

16-h-light/8-h-dark (16:8), 12-h-light/12-h-dark (12:12), or 8-h-light/16-h-dark (8:16) cycles. Samples were processed as described in Methods.

(C) Luminescence of TOC1:LUC plants entrained to LgD cycles (16 h light/8 h dark) and subsequently changed to a ShD regime (8 h light/16 h dark).

Data are the means 6 SE of the luminescence of 6 to 12 individual seedlings. Data are representative of at least two independent experiments. Open and

closed boxes indicate the light and dark periods, respectively.
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flowering (Davis, 2002; Corbesier and Coupland, 2005). We

therefore investigated whether the alteration of TOC1 expression

affects the photoperiodic flowering pathway. To that end, we

examined flowering time in wild-type and TMG plants under

both ShD and LgD conditions. We also examined the effects of

blocking histone deacetylation by TSA on the initiation of flower-

ing. Our results revealed that both TMG and TSA-treated wild-

type plants flowered significantly later than untreated wild-type

plants (Figure 6B; see Supplemental Figure 8 online), indicating

that in addition to other direct flowering regulators, the proper

phase of TOC1 expression is important in the photoperiodic

control of flowering time. To conclusively establish the connec-

tion between this flowering phenotype and an altered photope-

riodic phase of expression, we examined the rhythmic oscillation

of CO, a clock-controlled output directly involved in the photo-

periodic regulation of flowering time (Hayama and Coupland,

2003). Our results showed that the delayed flowering of TMG and

TSA-treated wild-type seedlings correlated with a phase shift in

the rhythmic expression of CO under both ShD and LgD (Figures

6C and 6D, respectively). The delayed phase of expression led to

a significant proportion of CO mRNA to accumulate in the dark,

which rendered a decreased abundance of FT (data not shown).

The changes in CO phase of expression relative to the day/night

cycles and the low accumulation of FT most likely explain the

flowering phenotypes of TMG and TSA-treated wild-type plants.

Collectively, our results suggest that in addition to the direct

contribution of other regulators, appropriate TOC1 expression is

important for setting the phase of clock outputs, including gene

expression, hypocotyl elongation, and the timing of the devel-

opmental transition to flowering.

DISCUSSION

Eukaryotic genomic DNA is packaged into compacted chromatin

that limits the accessibility of regulatory transcription factors

(Huebert and Bernstein, 2005). Acetylation of histone N-terminal

tails provides a mechanism for reversible modulation of chro-

matin structure and transcriptional regulation (Jenuwein and

Allis, 2001). Our findings show that the circadian transcription of

the TOC1 gene is regulated by changes in chromatin structure.

The chromatin modifications are controlled by the biological

clock and involve a rhythmic pattern of histone acetylation at the

TOC1 locus. The activation of a number of mammalian clock

genes was also shown to be coupled with changes in histone

acetylation (Etchegaray et al., 2003; Curtis et al., 2004; Naruse

et al., 2004; Ripperger and Schibler, 2006). These results indicate

that despite divergences in oscillator components, a chromatin-

dependent mechanism of clock gene regulation is common to

both plant and mammal circadian systems. The rhythmic pattern

of H3 acetylation at the TOC1 promoter might be indicative of

Figure 5. Role of TOC1 in Setting the Phase of CAB2:LUC Expression under Different Photoperiods.

(A) and (B) CAB2:LUC luminescence in wild-type and TMG plants entrained to ShD cycles ([A]; 8 h light/16 h dark) and LgD cycles ([B]; 16 h light:8 h

dark). Data are the means 6 SE of the luminescence of 6 to 12 individual seedlings.

(C) Phase plot of TOC1:LUC and CAB2:LUC expression in wild-type and TMG plants under the indicated photoperiods. Phases (phase/period 3 24 h)

were plotted against the strength of the rhythm expressed as relative amplitude error. The rhythm strength is graphed from 0 (center of the plot) to 0.8

(periphery of the circle), which indicates robust and very weak rhythms, respectively.

(D) CAB2:LUC expression in TMG and TSA-treated wild-type plants entrained to 16-h-light/8-h-dark cycles. Data are the means 6 SE of the lumi-

nescence of 6 to 12 individual seedlings. Open and closed boxes indicate the light and dark periods, respectively.
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histone acetyl-transferase activities that are circadian regulated

by the plant clock. In accordance with this hypothesis, recent

studies have shown that the CLOCK protein, an essential com-

ponent of the mammalian circadian system, is a histone acetyl-

transferase (Doi et al., 2006). Compared with TOC1 mRNA

accumulation, the circadian phase of histone acetylation is

slightly advanced, suggesting that acetylation temporally pre-

cedes the transcriptional activity and may favor the accessibility

of activators at specific circadian phases. Indeed, proteins of the

FACT complex (SSRP1 and Spt16) implicated in transcriptional

elongation (Duroux et al., 2004) also bind to the TOC1 promoter

in a circadian fashion and with a slightly delayed phase com-

pared with H3 acetylation. The correlation between chromatin

changes, FACT binding, and the transcriptional activation of the

TOC1 gene is supported by recent findings showing that the

chromatin remodeling FACT complex associates with actively

transcribed genes in Arabidopsis (Duroux et al., 2004). It would

be interesting to extend these studies to other clock components

and determine the pervasiveness of chromatin changes on clock

gene expression.

In vitro studies with bacterial extracts expressing glutathione

S-transferase (GST)-CCA1 or GST-LHY have demonstrated the

binding of these single MYB transcription factors to the EE motif

present at the TOC1 promoter (Alabadı́ et al., 2001). The use of

ChIP assays has allowed us to conclusively demonstrate that

CCA1 binds to the TOC1 promoter in vivo and that this binding is

controlled by the circadian clock. Further comparisons of circa-

dian waveforms in CCA1 binding and H3 acetylation suggest that

CCA1 might be antagonistic to transcriptionally permissive chro-

matin folding at the TOC1 promoter. Consistent with a highly

repressive function of CCA1, the use of CCA1-overexpressing

plants revealed a constant protein binding that correlates with a

decreased pattern of both H3 acetylation and TOC1 mRNA

accumulation. Studies with cca1 lhy double mutants also re-

vealed an altered pattern of H3 acetylation that correlates with

similar changes in TOC1 mRNA expression (Mizoguchi et al.,

2002). The mechanism of CCA1 repression might involve re-

cruitment of HDAC activities similar to mammalian CRY1 re-

pressive function involving interaction with the Sin3B, HDAC1,

and HDAC2 corepressor complex (Naruse et al., 2004). On the

other hand, the fact that CCA1-ox and cca1 lhy double mutant

plants affect most, if not all, rhythmic processes, opens up the

possibility that the effects we observed are indirect, resulting

from the severe clock phenotypes of these plants. However, the

fact that CCA1 binds to the TOC1 promoter and that CCA1-ox

reduces both H3 acetylation and TOC1 mRNA accumulation

while the double cca1 lhy mutation has the contrary effect

strongly suggest a direct effect of CCA1 on TOC1 regulation.

Figure 6. Role of TOC1 in Setting the Phase of Clock-Controlled Developmental Outputs.

(A) Hypocotyl lengths of wild-type and TMG plants under ShD (8 h light/16 h dark) conditions. Data are the mean hypocotyl length 6 SE of 15 to 20

seedlings grown in the presence (þ) or absence of TSA.

(B) Transition to flowering in wild-type plants in the presence (þ) or absence of TSA and in TMG plants maintained under LgDs (16 h light/8 h dark) or

ShDs (8 h light/16 h dark). Flowering time is represented as the number of days to flowering (1-cm-high bolt). The experiments were done twice with

similar results.

(C) and (D) Relative changes of CO expression in wild-type seedlings with or without TSA and in TMG seedlings maintained under ShD ([C]; 8 h light/16 h

dark) or LgD ([D]; 16 h light/8 h dark) conditions. Relative changes in CO expression were plotted relative to the highest value. Open and closed boxes

indicate the light and dark periods, respectively.
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Furthermore, our results showing that the pattern of acetylation

remains antiphasic to that of CCA1 binding under different pho-

toperiods reinforce our conclusions.

In addition to the proposed repressive function of CCA1, our

studies with TSA indicate that TOC1 repression is controlled by

HDAC activities. An advantage of using chemical inhibitors is that

the timing of blockage of HDAC activity can be precisely con-

trolled (Yoshida et al., 1995). Approximately 2% of endogenous

mammalian genes are affected by HDAC inhibitors (Richon et al.,

2000). In plants, these inhibitors were used to examine the role of

HDAC activities in various processes, including, among others,

nucleolar dominance (Chen and Pikaard, 1997) and root meri-

stem proliferation (Murphy et al., 2000). Microarray studies in

tobacco (Nicotiana tabacum) and Arabidopsis seedlings also

showed that TSA induces changes in gene expression and

affects the pattern of histone acetylation/deacetylation at spe-

cific genes (Chua et al., 2004; Chang and Pikaard, 2005). In our

studies with TSA, we were able not only to demonstrate that

HDAC activities regulate TOC1 expression but also to determine

the timing of HDAC action. The changes from acetylated to

deacetylated states of histones are believed to modify chromatin

structure to induce transcriptional repression (Wolffe et al., 1997;

Kuo and Allis, 1998; Struhl, 1998). Our studies show that HDAC

activities contribute to TOC1 declining phase mainly after its

peak of expression around the light-to-dark transition. The

presence of light at this specific time window seems to impor-

tantly modulate the HDAC activities relevant for TOC1 expres-

sion. In that sense, the histone acetyltransferase GCN5 and

HDAC HD1 have been previously shown to participate in the light

regulation of gene expression (Benhamed et al., 2006). Our stud-

ies further extend these findings, providing evidence that the bio-

logical clock modulates histone-modifying enzymes relevant

for regulation of oscillator expression. We also show a previously

uncharacterized photoperiodic regulation of TOC1 expression,

with increased daylength correlating with higher amplitude and

delayed phase of TOC1 rhythmic oscillation. We describe that

treatment with TSA changes the ShD shape of TOC1:LUC ex-

pression to a LgD waveform, indicating that modulation of HDAC

activities contributes to TOC1 photoperiodic regulation. This is

also consistent with our results showing a distinct photoperiodic

pattern of histone acetylation at the TOC1 promoter. Interest-

ingly, the pattern of acetylation remains antiphasic to that of

CCA1 binding under the various photoperiods. The use of day-

length cues allows organisms to track time of year and to antic-

ipate predictable annual variations in environmental signals.

An accurate photoperiodic perception is essential in maintain-

ing appropriate clock-dependent phase relationships with the

external day/night cycles (Saunders, 1997; Oster et al., 2002;

Johnson et al., 2003; Merrow et al., 2006). Plants also use the

circadian clock to perceive the changing photoperiods and to

synchronize gene expression and physiology to the most favor-

able seasons (Más, 2005; McClung, 2006). Photoperiodic regu-

lation of CAB2 expression (Millar and Kay, 1996), hypocotyl

elongation (Dowson-Day and Millar, 1999), and the initiation of

flowering (Hayama and Coupland, 2003) are some examples of

clock-controlled processes modulated by photoperiodic condi-

tions. In a number of different circadian systems, it has become

increasingly clear that the mechanism for daylength measure-

ment relies on the photoperiodic regulation of oscillator compo-

nents (Messager et al., 1999; Lincoln et al., 2002; Sumova et al.,

2003). We propose that plants might use a similar mechanism to

appropriately adjust the phase of the clock relative to the dif-

ferent environmental cycles. Based on our experiments, we sug-

gest that in addition to the contribution of other regulators, the

HDAC activities relevant in TOC1 expression are important for

daylength measurement and subsequent modulation of the

photoperiodic phase of CAB2 and CO expression, hypocotyl

elongation, and flowering time. Our studies also revealed that the

effects of TSA were reduced in the toc1-2 mutant background.

Still, we observed higher amplitude of CAB2:LUC expression

than the one observed in untreated wild-type plants. Additional

factors might contribute to this regulation, including the upregu-

lation by TSA of other clock components and/or histone acetyl-

transferase and deacetylase activities of GCN5, HD1, and TAF1/

HAF2, previously reported to participate in the regulation of a

number of light-responsive genes (Bertrand etal., 2005; Benhamed

et al., 2006). Among the clock components, CCA1 is a good

Figure 7. Schematic Representation Depicting the Rhythmic Regulation

of TOC1 Expression.

The circadian expression of TOC1 is controlled by dynamic changes in

chromatin structure at the TOC1 locus. TOC1 repression depends on

circadian binding of CCA1. Decreased CCA1 binding allows transcrip-

tional activation through rhythmic cycles of histone acetylation and

binding of SSRP1 (and Spt16) that favor transcriptionally permissive

chromatin structures. HDAC activities after TOC1 peak of expression

facilitate the switch to repressive chromatin structures and contribute to

the declining phase of TOC1 waveform around dusk. Different photo-

periodic conditions distinctively modulate these chromatin remodeling

activities, defining a mechanism by which plants might synchronize the

phase of the biological clock. Nucleosomes are shown as blue circles

with the H3 N-terminal tails as curved lines in pale blue; black arrows

indicate transcriptional activation, whereas lines ending in perpendicular

dashes indicate repression. Open and shaded boxes indicate the light

and dark periods, respectively. HAT, histone acetyl-transferase.

Chromatin and the Plant Biological Clock 2119



candidate that might participate in CAB2 regulation. Previous

studies have proposed TOC1 as a positive regulator of CCA1

(Alabadı́ et al., 2001); therefore, the effects on CAB2 expression

might be mediated by upregulation of CCA1. However, when

CCA1 transcript abundance was examined in TMG plants under

LgD (see Supplemental Figure 9 online) or ShD (data not shown),

we observed a delay in the phase but not an evident upregulation

of CCA1. A phase delay and decreased amplitude of CCA1 was

reported in TOC1-overexpressing plants under LL (Makino et al.,

2002). These results suggest that the TMG phenotypes are not

mediated by upregulation of CCA1 expression.

Although TSA most likely affects other clock components, our

studies show that TSA treatment leads to higher amplitude and

delayed phase of TOC1 expression. Interestingly, this pattern of

TOC1 expression is highly similar to that observed in TMG plants

with increased gene dosage (Más et al., 2003b). The reduced

effects of the inhibitor in toc1-2 mutant plants and the similar

alteration of photoperiodic perception in TSA-treated wild-type

and TMG plants suggest that in addition to other possible

regulators, misexpression of TOC1 importantly contributes to the

observed photoperiodic phenotypes.

Altogether, our experiments have helped us to dissect TOC1

oscillatory waveform and to identify the mechanisms governing

the transcriptional state of the TOC1 gene. The regulatory mech-

anisms involve activators and repressors that are precisely

coordinated to generate 24-h oscillations in TOC1 expression

(Figure 7). At dawn, the binding of CCA1 contributes to TOC1

transcriptional repression by impeding histone acetylation at the

TOC1 promoter. Decreasing CCA1 protein abundance through-

out the day releases the binding and the repression, allowing

histone acetyl-transferase activities to acetylate histones at the

TOC1 locus and facilitating the accessibility to the transcriptional

machinery and activators. After TOC1 peak of expression, a

repressive mechanism relying on HDAC activities contributes to

the declining phase of TOC1 waveform. The histone deacetyla-

tion might facilitate the switch to repressive chromatin struc-

tures, promoting the condensation of nucleosomal fibers and/or

facilitating the binding of repressive factors (e.g., CCA1). The

rhythmic cycle would be again initiated by CCA1 binding around

dawn. All these changes in chromatin structure at the TOC1

promoter regulate the transcriptional state of the TOC1 gene

under different photoperiods. This regulation facilitates proper

phase of entrainment of physiological and developmental out-

puts in Arabidopsis.

METHODS

Plant Growth Conditions and Bioluminescence Analysis

Arabidopsis thaliana seedlings were grown on Murashige and Skoog (MS)

agar with 3% sucrose plates under the indicated LgD cycles with 50 mmol

m�2 s�1 of cool white fluorescent light at 228C. The CCA1-ox plants

(Wang and Tobin, 1998) were kindly provided by E.M. Tobin (University of

California, Los Angeles). The LUC vector (Millar et al., 1992), TMG (Más

et al., 2003b), toc1-2 (Strayer et al., 2000), and cca1 lhy mutant plants

(Alabadı́ et al., 2002) were previously described and provided by S.A. Kay

(The Scripps Research Institute, La Jolla, CA). The cca1 lhy double mutant

plants (Alabadı́ et al., 2002) were obtained after crosses of the cca1-1

mutant with the lhy RNA interference lines 48, 50, and 51 as previously

described (Alabadı́ et al., 2002). The TOC1:LUC-expressing plants were

generated by Agrobacterium tumefaciens–mediated transformation of

plants with a construct containing the TOC1 promoter (from 1558 bp

upstream the ATG) fused to LUC, which was used as the reporter gene. In

experiments with the inhibitor, 0.1, 1, 3, 5, or 10 mM of TSA (T8552;

Sigma-Aldrich) was added to germinated seedlings (;1 week old) at the

indicated time to examine the specific ZT of TSA action. Luminescence

was examined and analyzed as previously described (Perales et al.,

2006).

ChIP Assays

Two-week-old seedlings were immersed in buffer A (0.4 M sucrose,

10 mM Tris, pH 8, 1 mM EDTA, 1 mM PMSF, 1% formaldehyde, and 0.05%

Triton X-100) under vacuum for 10 min followed by an additional 10-min

incubation with 0.125 M glycine. Seedlings were ground in liquid nitrogen

and resuspended in buffer B (0.4 M sucrose, 10 mM Tris, pH 8, 5 mM

b-mercaptoethanol, 1 mM PMSF, 1 mg/mL aprotinin, 1 mg/mL pepstatin

A, and 1 mg/mL leupeptin). Nuclei were then collected by centrifugation,

resuspended in lysis buffer (50 mM Tris, pH 8, 10 mM EDTA, 1% SDS,

1 mM PMSF, 1 mg/mL aprotinin, 1 mg/mL pepstatinA, and 1 mg/mL leupeptin),

and sonicated to ;400- to 1000-bp fragments. After centrifugation, the

supernatants were incubated in dilution buffer (15 mM Tris, pH 8, 150 mM

NaCl, 1% Triton-X-100, 1 mM EDTA, 1 mM PMSF, 1 mg/mL aprotinin,

1 mg/mL pepstatin A, and 1 mg/mL leupeptin) overnight at 48C with

sepharose beads conjugated with the indicated antibodies. Anti-H3 and

anti-acetyl-histone H3 antibody (Upstate Biotechnology), CCA1 antibody

(Wang and Tobin, 1998) (kindly provided by E.M. Tobin, University of

California, Los Angeles), and anti-SSRP1 and anti-Spt16 antibodies

(Duroux et al., 2004) (kindly provided by K.D. Grasser, Aalborg University,

Aalborg, Denmark) were used in this study. The immunocomplexes were

washed four times with washing buffer (0.1% SDS, 1% Triton X-100,

1 mM EDTA, 1 mM PMSF, 1 mg/mL aprotinin, 1 mg/mL pepstatin A, and

1 mg/mL leupeptin) and eluted from the beads with 1% SDS and 0.1 M

NaHCO3. Cross-links were reversed by incubation at 658C for 5 to 6 h

followed by proteinase K treatment for 1 h at 458C, phenol/chloroform/

isoamyl alcohol extraction, and ethanol precipitation. Pellets were washed

with 70% ethanol and resuspended in TE buffer (10 mM Tris, pH 8, and

1 mM EDTA). The primers used for PCR amplification (PCR1) flanked the

TOC1 promoter region containing the EE motif (Figure 1A), previously

described to be essential for circadian expression of the TOC1 gene (Alabadı́

et al., 2001). PCR amplification was performed using 33 cycles and 548C

with primers 59-CTTCTTATCTTGTATCTTACCAC-39 and 59-GAATTGGAC-

GGTGGAGATTAAGTC-39 for PCR1 and primers 59-TCGGAGAGTCCTC-

TGCTTTC-39 and 59-ATAAGGTACCCAGTTCCCAAAGCATCATCCTGA-39

for PCR2 (amplification of the last exon at the TOC1 locus). PCR ampli-

fication of inputs was performed using 23 cycles and 548C. Aliquots of the

PCR reactions were resolved by electrophoresis on a 2% agarose gel.

The ethidium bromide–stained gels were quantitative in the range of DNA

concentrations used. Gels were also stained with SYBR green (Molecular

Probes) following the manufacturer’s recommendations. Similar quanti-

fications to those of ethidium bromide were obtained (see Supplemental

Figure 10 online). Images were captured with the Kodak Digital Science

System, and quantification was performed with ImageQuant software

(Molecular Dynamics) and Scion Image software. The results presented

here come from at least two independent experiments meaning inde-

pendent time-course analysis, with independent chromatin preparations

and with duplicate PCR amplification for each time point.

RNA Gel Blots and RT-PCR Analysis

RNA gel blots and RT-PCR analysis were performed with RNA from 12-

d-old seedlings grown on MS with 3% sucrose agar plates in the absence
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or in the presence of TSA (10 mM). RNA was isolated using the RNeasy kit

(Qiagen) and separated on 1.2% agarose/formaldehyde gels as previ-

ously described (Alabadı́ et al., 2001; Más et al., 2003b). Analysis was

performed on a PhosphorImager using ImageQuant software (Molecular

Dynamics) and Scion Image software. For RT-PCR, M-MLV reverse

transcriptase (Invitrogen) was used to synthesize first-strand cDNA with

oligo(dT32) (Termo Electron) from 2 mg of total RNA at 378C for 50 min.

cDNAs were diluted to 100 mL with TE buffer, and 1 mL of diluted cDNA

was used for PCR amplification by TaKaRa Ex Taq. CO was amplified

using 25 cycles at 558C with primers 59-ACGCCATCAGCGAGTTCC-39

and 59-AAATGTATGCGTTATGGTTAATGG-39. Samples were separated

on 1.5% agarose gels, transferred to nitrocellulose membranes (Hybond-

Nþ; Amersham), and subjected to hybridization following standard pro-

tocols. The RT-PCR analysis was performed twice and with RNA samples

from independent experiments.

Hypocotyl Length and Flowering-Time Assays

For hypocotyl length analysis, seeds were stratified on MS plates with 3%

sucrose in the presence or in the absence of TSA. Plates were incubated

in the dark at 48C for 4 d, exposed to white light (50 mmol m�2 s�1) for 6 h,

and in the dark for 18 h previous to exposure to ShD conditions.

Hypocotyl length was measured after 7 d using the Scion Image software.

Flowering time was scored by growing plants under ShD and LgD

conditions as previously described (Más et al., 2003b). For TSA treat-

ment, plants were grown under LgD conditions on MS plates in the

presence or in the absence of inhibitor. The TSA concentration for gene

expression and hypocotyl and flowering-time experiments was carefully

chosen considering the type of output examined, the timing of TSA

application, and the duration of the treatment. The experimental design

was based on using the minimum amount of TSA (in relation to the

duration of the treatment) that could elicit a clear effect in each output. In

the case of hypocotyl elongation, seeds were grown and germinated on

plates supplemented with 0.3 mM TSA, while for the long-term flowering-

time experiments, the concentration of TSA was 10 mM.
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